Twelve temperature-sensitive (ts) and two morphology mutants of Autographa californica nuclear polyhedrosis virus were generated using the mutagen 5-bromo-2'-deoxyuridine (BrdUrd). The ts mutants grew normally at 25 °C but exhibited abnormal occlusion body formation when grown at 33 °C whereas the morphology mutants produced an abnormal cytopathic effect at 25 °C and 33 °C. None of the mutants was severely restricted for production of non-occluded virus; thus, with the eight ts mutants and the two morphology mutants incubated at 33 °C the drop in titre was 0-5 to 3.0 logl0 from that at 25 °C. The mutants fell into three groups based on the amount of polyhedrin synthesized at 25 °C and 33 °C in infected cells. The eight ts mutants were combined with ts mutants constructed in a previous series of experiments and the collection was sorted into complementation groups. The collection comprised ten groups and the new mutants were sorted into seven of these. It is concluded that gene products of these complementation groups have essential roles in occlusion body formation.
The replication cycle of Autographa californiea nuclear polyhedrosis virus (AcNPV) in tissue culture is considered to occur in two phases. Production and release of non-occluded virus (NOV) through the cell membrane occur early in infection. Later in the cycle NOV release is curtailed and enveloped nucleocapsids which have accumulated in the cell nucleus become occluded within large, crystalline proteinaceous structures called occlusion bodies (OB) (Volkman et aL, 1976; Granados, 1976 Granados, , 1980 . OB are the vehicle for the transmission of the insect virus in nature. Genetic regulation of these steps in the replication cycle is poorly understood. It appears that there is temporal control of gene expression; thus, studies on protein synthesis in infected cells have demonstrated gradual shut-off of host protein synthesis whilst virus-specific proteins appear sequentially. Similarly, host cell DNA synthesis is restricted early in infection and there is a delay before virus DNA accumulates (Dobos & Cochran, 1980; Brown et al., 1979) . One approach used to study expression of the AcNPV genome is to isolate and characterize temperature-sensitive (ts) and morphology mutants. Previous reports have described the isolation of AcNPV ts mutants produced by treatment with nitrosoguanidine or bromodeoxyuridine (BrdUrd). Some of these mutants have been used to generate a partial genetic map by complementation and recombination analyses (Brown et al., 1979; Brown & Faulkner, 1980; Lee & Miller, 1979) . The location of some ts lesions on the physical map of AcNPV has been derived by marker rescue (Miller, 1981) . Most ts mutants have been identified on the basis of altered plaque morphology or altered cytopathic effect (c.p.e.) in infected cells grown at the restrictive temperature. Some mutants have also been classified by their ability to produce NOV or to synthesize polyhedrin, the principal structural protein of OB. We have continued to search for mutants that are defective in OB morphogenesis or in polyhedrin synthesis in order to study the steps in OB formation and, in this report, we describe the isolation of twelve ts and two morphology mutants which fall into this category. Eight of the ts mutants were grouped into three classes with respect to synthesis of polyhedrin. These mutants were also sorted into complementation groups among themselves and with previously isolated mutants.
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The wild-type (wt) virus used for mutagenesis was a heat-resistant strain of AcNPV, designated HR3, which had been plaque-purified at 33 °C (Brown et al., 1979) . Viruses were grown in Spodopterafrugiperda cells, IPLB-SF-21 (Vaughn et al., 1977) , and cultured in BML-TC 10 medium (Gardiner & Stockdale, 1975) . For mutagenesis, HR3 was grown in the presence of 10 or 20/~g/ml BrdUrd for 38 h at 25 °C. These drug concentrations reduced the virus titre by 90% and 95 % respectively.
Mutagen-treated virus stocks were cloned from plaques on S. frugiperda cell monolayers (Brown & Faulkner, 1978) . Well-isolated plaques were picked 5 days post-infection and screened in microtest plates at 25 °C (permissive temperature) and at 33 °C (restrictive temperature) (Brown et al., 1979) . Isolates that induced a typical wt c.p.e, at 25 °C and an abnormal c.p.e, at 33 °C were designated ts and were plaque-purified three times. Isolates that induced an abnormal c.p.e, at both temperatures were designated morphology mutants and were similarly plaque-purified. Purified isolates were grown to passage three or four using a multiplicity of infection (m.o.i.) of 0.1.
Of 561 plaque isolates screened, twelve exhibited ts characteristics and two were morphology mutants. Therefore, the overall mutant frequency was 2.5 %, a figure similar to that previously reported in two other studies with the same virus-ceU system (Brown et al., 1979; Lee & Miller, 1979) .
The morphology mutant m41.5 induced two patterns of c.p.e, in infected cells. Some cells contained from one to seven large cuboidal inclusions while others in the same culture contained a few (less than 10) normal-sized OB. It was possible that these distinct c.p.e.s indicated the presence of more than one mutant in the virus stock. However, when the virus was titred by plaque assay a linear relationship was observed between the virus concentration and the number of plaques, a result which indicated that each plaque arose from a single infectious unit. All of the plaques exhibited the double phenotype; thus, m41.5 was considered to be a single mutant. The second morphology mutant, m38.6, failed to produce OB at 25 or 33 °C, but by 5 days after infection cells became opaque due to an accumulation of amorphous material.
The eight ts mutants which showed the greatest decrease in OB production at 33 °C and the two morphology mutants were further studied to assess production of NOV at 25 °C and 33 °C. Plastic 12-well plates were seeded with 5 × 105 cells/well and, after attachment, cells were infected with the mutants at an m.o.i, of 5. Infected cells were incubated for 40 h at each temperature and then culture supernatants were harvested and titrated by endpoint dilution assay using S.frugiperda cells (Brown & Faulkner, 1975) . A reduction in NOV release at 33 °C which ranged from 0-5 to 3 log units was seen (Table 1 )~ Unlike mutants studied previously (Brown et al., 1979) , none of the mutants examined in this report was severely restricted in NOV release (i.e. having a greater than 10 -5 reduction in NOV production). The titre of NOV produced at 33 °C may have represented leakiness or an inherent property of the mutation, for example an alteration in a regulatory protein which resulted in premature termination of NOV release.
Culture supernatants from cells incubated at 25 °C were used to estimate the reversion frequency of the mutants by titrating them at 25 °C and 33 °C. Wells containing cells showing a wt c.p.e, were scored as positive and the ratio of the titres obtained at 33 °C and 25 °C represented the reversion frequency. Calculated reversion frequencies of the mutants ranged from 6.4 x 10 -3 to less than 10 -8, which indicated that the mutations were genetically stable ( Table 1) .
The failure of the mutants to form occlusions at 33 °C may have been due to a shut-off of polyhedrin synthesis or to alteration of gene product(s) essential for OB morphogenesis. To determine whether polyhedrin was synthesized at the restrictive temperature, an indirect immunofluorescence assay (IIF) was set up. An antiserum was prepared against polyhedrin and the isolation number. The number preceding the point indicates the plaque isolate and the number following it indicates the flask from which the mutant was isolated.
Mutants were incubated for 40 h at 33 °C and 25 °C and assayed at 25 °C. A correction has been made to account for a reduction in titre observed when wt is grown at 33 °C. For wt, NOV at 33 °C/NOV at 25 °C was 7.9 x 10 ~.
:1: Complementation groups A to E are those of Brown et al. (1979) ; groups F to J are those proposed in this study. § Mutants were named according to the abbreviated nomenclature system suggested by Brown et al. (1979) . The name consists of lower case letters describing the properties of the mutant (ts or m), a capital letter indicating the mutant's complementation group and a number indicating the mutant isolation number.
I~ NT, Not tested.
purified on SDS-polyacrylamide gels. It was checked for specificity by a slide-immunoprecipitation test and produced a single precipitin line when tested against polyhedrin. The antiserum did not react with NOV or host cell proteins in the IIF assay and was thus considered to be specific for polyhedrin. In the IIF procedure, mutant-infected S.frugiperda cells were incubated at 33 °C for 40 h, harvested, washed in phosphate-buffered saline (PBS: 140 mM-NaC1, 27 mM-KCI, 8 mM-Na2HPO 4, 1.5 mM-KH2PO 4, pH 7.3) and drops of the cell suspension were fixed on glass slides with ice-cold acetone. A drop of a 0.05 % solution of rabbit anti-polyhedrin antibody in PBS was added to each slide. The slides were incubated for 45 min at 37 °C, and then rinsed with PBS and a drop of goat anti-rabbit (0.05 % in PBS) IgG conjugated with fluorescein isothiocyanate (Grand Island Biological Co., Grand Island, N.Y., U.S.A.) was added. Slides were incubated at 37 °C for 60 min, rinsed with PBS, mounted with phosphate-buffered glycerol and examined for specific intracellular fluorescence. The degree of fluorescence was qualitatively compared to uninfected and wt-infected cells. The mutants were divided into the following three groups based on their ability to produce polyhedrin in infected cells at 33 °C as determined by the IFF procedure. (i) Mutants ts126.1, ts19.2, m41.5 and m38.6 produced about the same amount of polyhedrin in infected cells as did wt (Table 1 ) even though OB formation was restricted; (ii) mutants ts 117.1, ts31.3 and ts54.5 produced low levels of polyhedrin; (iii) ts23. 4, ts25.4 and ts82.4 failed to produce detectable polyhedrin. As with the production of NOV~ the varying degrees of polyhedrin production could represent leakiness or be due to inherent ~haracteristics of the mutations, for example a premature termination of polyhedrin production or restriction of crystallization due to an alteration in a regulatory protein.
The eight ts mutants were sorted into complementation groups among themselves and with representations from the groups established by Brown et al. (1979) . Because all of the ts mutants were severely restricted in OB formation at restrictive temperature, complementation was determined by counting cells which contained OB. Scoring of complementation based on an increase in NOV production was not feasible because none of the mutants was severely restricted in NOV release (Table 1) . Similarly, IIF results indicated that only three of the mutants were negative for polyhedrin; therefore, complementation analysis based on this phenomenon was not possible. In the test we used cells infected with the mutants singly and in pairs at an m.o.i, of 12 for each mutant and incubated at 33 °C for 40 h~ The cultures were examined in the microscope for cells with OB. A minimum of 500 cells from three random fields were scanned. The average percentage of OB-containing cells was determined in three separate experiments, and a complementation index (CI) was calculated by dividing the percentage of polyhedra-containing cells in cultures infected with pairs of mutants by the percentage of polyhedra-containing cells in cultures infected with the respective mutants alone. As did Brown et aL (1979) , we considered a CI greater than or equal to 1.5 to indicate complementation between mutants. The calculated CIs ranged from 0.0 to 57.2. A summary of the complementation analysis is given in Table 1 . The eight mutants were sorted into seven complementation groups. Five of these groups were unique to this set of mutants, but two mutants failed to complement a group A virus of Brown et al. (1979) and one was a group C virus. The new mutants described in this report were named according to the abbreviated nomenclature system suggested by Brown et al. (1979) . Thus, tsl 17.1 failed to complement tsC7 and was placed in complementation group C and designated tsC20. Similarly, ts23.4 and ts25.4 failed to complement each other or tsA1, and were placed in group A. Mutants ts23.4 and ts25.4 were isolated from the same mutagenized virus stock. Both were also negative for polyhedrin production at the restrictive temperature, showed similar NOV yields and reversion frequencies, and therefore seemed likely to share the same genetic defect. Mutant ts82.4, which was isolated from the same flask as ts23.4 and ts25.4, did complement tsA1 and the other mutants isolated in this (and the previous) study and was placed in a new complementation group designated I. Similarly, ts126.1, tsl9.2, ts31.3 and ts54.5 complemented all of the mutants isolated in this study and representatives from the previously formed groups A to E and, therefore, were placed in new complementation groups F, G, H and J respectively (Table 1) . Attempts to complement the BrdUrd mutants with tsB4 of Brown et al. (1979) failed because a high percentage of cells contained a few polyhedra at 33 °C in cultures infected with the mutant alone and scoring was thus not feasible in doubly infected cultures. It is possible that, on further analysis, one of the five mutants placed in a new complementation group by us may contain a mutation affecting the same gene product as tsB4.
Our studies suggest that control of OB formation in tissue culture is complex and requires the interaction of genes representing at least seven complementation groups. Lee & Miller (1979) have pointed out that, in insects, tissue specificity and the host species also affect the expression of virus genes that control OB production. This report and the two previous reports on ts mutant isolation (Browfl et al., 1979; Lee & Miller, 1979) bring the number of ts mutants described for AcNPV to 55. In addition to the two morphology mutants described here two others were isolated previously and characterized (Brown et al., 1979; Brown & Faulkner, 1980) . A mutant induced by 2-aminopurine exhibiting increased virulence in insects has also been described (Wood et al., 1981) .
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